Background
Introduction Viral load (VL) testing is a key component of achieving and monitoring progress towards the "third 90" of the UNAIDS 90:90:90 targets. South Africa (SA) has made great progress in improving access to testing and has the world's largest monitoring program. Close to 5 million viral loads were performed by public laboratories in SA in 2017 [1] . However, logistical and pre-analytical challenges such as transporting, registering, centrifuging and storing samples threaten the quality of the testing service.
Currently manufacturers of high throughput VL platforms recommend that whole blood samples should be centrifuged within 6 to 24 hours of collection and plasma should either be frozen at-80˚C or tested within 24 hours of sample collection [2] [3] . In resource-limited settings, this is often not achievable. Samples may reach the laboratory more than 24 hours after collection and are generally stored at 4˚C in their primary tubes until testing. The extent to which these pre-analytical factors compromise accuracy of results is unknown. Past laboratory simulation studies [4] [5] and a systematic review [6] that performed a meta-analysis of these laboratory studies, have suggested that viral RNA decay may be slower than previously thought and that testing can be performed for some time beyond the recommended 6 to 24 hour cut off without compromising accuracy.
Two types of sample tubes are used in South Africa, namely standard ethylene diamine tetra acetic acid (EDTA) and plasma preparation (PPT) tubes. Use of the latter was introduced to improve RNA stability in samples where manufacturer timelines are not achievable and were locally validated [7] . PPT tubes contain an inert gel and spray-dried EDTA. During centrifugation, the gel migrates and forms a barrier between the plasma and cellular elements. However, there have been concerns that measurements in PPT tubes may be affected by pre-analytical processing [8] and [9] . In particular, there are reports that RNA levels may be higher than in standard EDTA tubes [10] . Also, adequate separation of cellular elements may not always occur and this can result in falsely elevated viral load readings if testing is delayed [11] . For this reason it is routine practice to re-centrifuge samples just prior to viral load testing, at public sector laboratories in South Africa.
The aim of this study was to assess stability of HIV RNA in routine diagnostic samples stored in their primary tubes (both EDTA and PPT) and to determine to what extent measurements are affected by sub-optimal handling and storage.
Study objectives
1. To determine the impact of delay and storage temperature on the reproducibility of VL measurements in HIV RNA positive samples 2. To determine the impact of delay and storage temperature on the reproducibility of VL measurements in samples with undetectable HIV RNA.
3. To assess the value of repeat centrifugation immediately prior to testing when VL testing is delayed.
Methods
The effect of duration and temperature of storage on viral load values in PPT and EDTA tubes Routine diagnostic specimens collected from patients on ART as part of the South African national antiretroviral programme in and around Cape Town were studied. Samples were processed according to the local standard operating procedure, briefly outlined as follows: On arrival at the laboratory, patient and sample information, including date and time of collection are captured on the laboratory information system and samples are centrifuged for 10 minutes at relative centrifugal force (RCF) 3,273g. They are then transferred to the bench where HIV VL testing on primary tube EDTA or PPT samples is performed on the Roche Cobas AmpliPrep, Cobas TaqMan (CAP/CTM) version 2.0 assay. Using a 1 mL input, this assay has a dynamic range from 20 to 10 000 000 copies/mL (1.3-7 log 10 ). The delay between sample collection and initial VL testing is recorded as time to test 1. The result of test 1 was reported as the final result for the purpose of patient management. Thereafter, the samples were de-identified and assigned a separate study number. Further testing was not part of routine laboratory process.
Immediately after plasma was aspirated from the primary tube for test one (and the testing process began), the primary tubes were visually inspected. Those with sufficient (>1 mL) residual plasma were selected and stored at 4˚C, 20˚C or 30˚C for a pre-determined interval of 72, 96 or 168 hours. Approximately 30% of PPT and 20% of EDTA samples had enough residual plasma for a second test. After storage at the specified temperature and time, primary tubes were re-centrifuged (3,273g for 10 minutes), 1mL of residual plasma was manually pipetted from the tube and the VL was repeated. The second VL result was captured as test 2. A figure illustrating the study plan is included in supplementary digital content, S1 Fig.
Impact of re-centrifugation immediately prior to viral load testing
In a second set of experiments, routine diagnostic samples were processed as before, but recentrifugation prior to the second test was omitted. These samples were also subjected to delayed testing with different storage conditions as above so the impact of repeat centrifugation was separately assessed. 37 EDTA samples (32 of which were undetectable in test 1) and 46 PPT samples (of which 29 were undetectable) were tested.
Analysis
Data were analysed using Stata Version 12.0 (Stata Corporation, College Station, Texas, USA). For analysis, samples with an undetectable VL (LDL, or lower than detectable limits) on test 1 or test 2, were assigned a value of 1 copy/mL. Samples with a detectable VL, but less than 20 copies/mL, were assigned a value of 19 copies/mL. Samples with a VL >20 copies/mL were assigned the value reported by the analyser. The impact of delayed testing, storage temperature and repeat centrifugation were assessed in three separate analyses. First, the VL change among samples with a detectable test 1 VL (>20 copies/ml) were assessed. The proportion of instances where the test 2 VL was within 0.5 log 10 copies/mL of test 1 for each storage temperature and time category was determined. This cut off was selected because in clinical practice, only VL changes >0.5log copies per ml are considered clinically significant [12] . The primary stability estimate was the median change in VL after the 72, 96 and 168 hour intervals and variability in this change was expressed in interquartile ranges. In addition, the proportion of instances where the test 2 VL result was within 0.5 log10 copies/mL of test 1 for each storage temperature and time category was determined. Results of samples collected in PPT tubes and EDTA tubes were analysed separately. Second, samples with undetectable RNA in test 1 were assessed to determine reproducibility of measurement. Finally, repeat VL measurements in an additional set of samples that was not re-centrifuged prior to retest was analysed separately.
Ethics approval for the study was obtained from the University of Cape Town Human Research Ethics Committee, reference number HREC 159/2019.
Results

Samples
For the main study, 1194 routine diagnostic samples, including 608 samples collected in EDTA and 586 in PPT tubes were studied. 441 (36.9%) of samples had undetectable VL on first test. in the remaining 753 samples, the viral load in test 1 was detectable and ranged between 19 -> 1,000,000 copies/mL. A breakdown of the first test VL measurements is given in Table 1 .
In 665 (55%) samples the first VL was performed within 24 hours of sample collection. For the remaining 529 samples, the first test was performed between 1-7 days of sample collection. Delayed testing mostly occurred in samples referred from distant laboratories, or due to technical problems with instrumentation in the laboratory.
In the experiment where repeat centrifugation was omitted prior to repeat VL testing, 83 samples (37 EDTA and 46 PPT) were tested.
The effect of delayed testing on initially RNA positive samples stored at 4˚, 20˚and 30˚C
Overall, 86.6% (95%CI 83.7-89.2%) of all test 2 VL results were within 0.5 log copies/mL of test 1. This VL concordance rate was similar, at 84.0% (95%CI 79.7-87.7%) for the subset of samples where the first VL test had been performed within 24 hours of sample collection (within the current recommended optimal testing interval). As no significant differences were detected between the 2 data sets, only the results of the complete data set are reported here. A viral load concordance rate of 90.3% (95%CI 86.9-93.1%) was observed for the PPT samples overall, whereas the 2 VL readings were within 0.5 log copies/mL in 81.4% (95% CI 76.1-85.9%) for EDTA samples. There was no rising trend in the proportion of samples with a viral load difference of >0.5log copies/mL between tests 1 and 2, with increasing time or temperature of storage. (Fig 1) Variability was slightly greater in samples in EDTA tubes, but otherwise trends were similar (as determined by median and IQR of log viral load change in the different time/temperature storage categories). Fig 2 illustrates changes in log VL at each storage temperature and time point. For samples stored at 4˚C, a median VL decrease was consistent for both sample types (EDTA and PPT) and over time, but the net effect was small, with all the interquartile ranges well within 0.5 log copies/ml compared to the initial VL results. At 20˚C the trend was less apparent with some testing intervals resulting in slight increase, while others remained similar to original testing. Once again the VL changes were not significant, as none of the interquartile ranges cross the 0.5log difference line. In samples stored at 30˚C, median values were mostly higher than baseline values. (Median log copies/ml differences for each sample category are given in supplementary digital content, S1 Table. ) Greater variability was observed in samples collected in EDTA tubes, in particular the 72 hour samples at 20˚C and 168 hour samples at 30˚C.
WHO guidelines for management of patients on ART advise a level of >1000 copies/mL as the threshold indicative of treatment failure [13] . Thus the study results were analysed according to whether the difference between tests 1 and 2 was great enough to result in misclassification of a patient's status (failure vs suppression). Of 1194 samples tested, a potential misclassification may have occurred in 14 (8 EDTA and 6 PPT) instances, or 1.17% samples. The discordant results are listed in supplemental digital content, S2 Table. In 10 the initial VL (range 1-890 copies/ml) increased to between 1000-70086 copies/mL and in 4 samples the level (range 1674-2940 copies/ml) decreased on repeat to between 500-846 copies/mL. The effect of delayed testing on samples with undetectable HIV RNA in test 1, stored at 4˚, 20˚and 30˚C
The stability of samples that were RNA negative at test one was also tested. 441 samples (195 PPT and 246 EDTA) had undetectable RNA at test one. On retesting after storage, the VL in 79.1% of samples remained undetectable or <20 copies/mL. In the 20.9% of samples that had a detectable value on the 2 nd test, RNA levels were mostly low. Overall, in 14.7% of samples the second viral load was <100 copies/mL, in 5.7% it was 101-500 copies/mL and in 0.4% > 500 copies/mL. Though no statistical test was used to confirm this, the proportion of samples that had a detectable viral load on 2 nd test did not appear to be affected by storage time, temperature or type of collection tube . Fig 3(A) and 3(B) .
Re-centrifugation of stored samples prior to repeat testing is essential to ensure accurate viral load readings:
When repeat centrifugation was omitted just prior to the 2 nd test, the RNA level in test 2 increased substantially in some samples. (Fig 4(A) ) This was observed in both EDTA and PPT samples and was evident by 48 hours after (prior) centrifugation. The VL remained within 0.5 log copies/mL in test 2 in only 41 of the 83 (49%) samples tested in this experiment. Of note 29 of 57 samples with initially undetectable HIV RNA had detectable RNA in the 2 nd test: 10 (17.5%) were < 100 copies/ml, 12 (21%) were 101-500 copies/ml, 1 (1.8%) was 501-1000 copies/ml and 6 (10.5%) were >1000 copies/ml. (Fig 4(B) ) Overall, the median increase was 0.63 log copies/mL (range 0.00-4.13) in test 2.
Discussion
Viral load test manufacturers advise that plasma separation should be performed within 24 hours of sample collection to ensure a reliable test result. In large ARV programmes such as that in South Africa where VL testing is centralised, a significant proportion of samples from rural areas reach laboratories beyond this recommended time interval and it is unknown to what extent a delay in testing compromises results. The fact that, in this study only 56% of samples had been tested within 24 hours of sample collection demonstrates this very challenge. For this reason, research is ongoing into the use of alternative sample types, such as dried blood spots (DBS) or plasma separation cards. However, these approaches have drawbacks: only small amounts of blood can be collected which reduces assay sensitivity, and with DBS, the sample is contaminated with viral nucleic acids from cellular elements, which makes results difficult to interpret [14] . Also, the practicality of performing VL testing on a variety of different sample types is questionable. This could create challenges in workflow and ultimately prolong turnaround times in a busy VL laboratory. Testing of liquid plasma remains the sample of choice. Thus there is an urgent need to determine for how long viral RNA is stable after collection. In this study we set out to investigate this in routine diagnostic samples. 1194 clinical samples with a range of initial RNA levels, from undetectable to >6 log copies/mL were studied.
Factors that could alter viral RNA levels or affect the accuracy of measurement when testing is delayed include release of intra-cellular viral nucleic acids [9] [11], ineffective removal of platelets during centrifugation [15] [16], decay of plasma viral RNA [4] [5] or haemolysis and release of other PCR inhibitors from the specimen. In this study we found that HIV RNA in samples stored in their primary tubes was unexpectedly stable. Even after prolonged storage at 30˚C, the variation between test 1 and 2 in clinical samples was on average well within acceptable variation [12] . In the vast majority of samples, RNA levels were within 0.5 log copies/mL of each other. These findings support earlier studies which suggest that HIV RNA could be more stable in clinical samples than is implied by the strict timelines indicated in manufacturer's kit instructions [2] [3] . These findings suggest that intact virus particles in plasma are quite The proportion of samples that were undetectable or <20 copies/mL, 20-100 copies/mL, 100-500 copies/mL, 500-1000 copies/mL or >1000 copies/mL on repeat testing are shown. In (a) samples that were stored at 4˚C for 72, 96 and 168 hours, (b) samples that were stored at 20˚C and (c) samples that were stored at 30˚C.
https://doi.org/10.1371/journal.pone.0219381.g003
Fig 4.
Omitting centrifugation immediately prior to repeat testing is associated with a higher viral load in the second test: In (a), the log value for each sample in test 1 (X-axis) is plotted against the log value in test 2 (Y-axis). Line indicates an ideal regression line, r 2 = 1. In (b) the repeat results of samples that were undetectable (LDL) in test 1 are graphed according to the following categories: undetectable or <20 copies/mL, 20-100 copies/mL, 101-500 copies/mL, 501-1000 copies/mL or >1000 copies/mL. stable, as viral RNA remains protected by its capsid and nucleoproteins. EDTA added to the tubes may well further contribute to RNA stability. Its mode of action is to chelate calcium and other metal ions and this inhibits many cellular enzymes which might otherwise have degraded virus particles and free RNA [17] [18] . It is for this reason that EDTA is preferred to other anticoagulants for molecular testing in blood.
Viral RNA appeared to decay in samples stored at 4˚C, less so at room temperature and actually increased at 30˚C, though not significantly. This suggests that the VL is impacted by a number of opposing factors and the measured result is the sum of these. Two identifiable factors are RNA decay of free plasma virus and release of intra-cellular viral nucleic acids. If these factors are indeed the dominant processes, it follows that storage at 4˚C slows down release of intracellular RNA (or virus) from cells. Hence, the dominant trend at this temperature is due to decay of free virus. However, it must be noted that the median change was small, only -0.24 log copies/mL after 168 hours for EDTA and -0.13 log copies/mL for PPT samples. At room temperature, both processes partially cancel each other out, hence the net effect is an even smaller difference. At 30˚C, the dominant effect appears to be viral RNA release into the plasma. However, even at this temperature, the change was within acceptable limits. In 1.17% of instances (14 samples) the difference between tests 1 and 2 were sufficient to result in a change in the patient's status, based on WHO guidelines [13] . Eight of these were EDTA samples and in most instances, the 2 nd viral load was higher. Variability was consistently less in samples collected in PPT tubes. This is likely to be due to lower (but not negligible) exposure to cellular elements in PPT tubes during extended storage. A major factor that impacted on reproducibility was omitting the repeat centrifugation step just before the second test. This affected a significant proportion of samples in both PPT and EDTA tubes in this separate experiment. The repeat VL reading could be higher by up to 4.13 log copies/mL. This suggests that cellular elements containing viral nucleic acids, or inadequately removed platelets with trapped HIV particles, diffused into the liquid phase during storage and were aspirated during the second test. Re-centrifugation immediately prior to testing was largely effective at preventing this. In PPT tubes the gel should prevent aspiration of cellular elements during testing. However, inspection of these tubes often revealed small amounts of cellular material at the gel-fluid interface, indicating that effective separation of plasma from cellular elements does not always occur completely. This phenomenon has been described [10] and it is routine practice at viral load testing laboratories in South Africa to recentrifuge samples just prior to testing, even if samples have been centrifuged previously.
Patients on ARVs have variable amounts of intra-cellular viral RNA and DNA (both are detectable with viral load assays if cellular material is aspirated during testing) [14] . While HIV RNA decay in plasma is rapid after initiation of effective ART, decay of intracellular proviral and episomal DNA is slower and ongoing viral mRNA continues to be synthesised despite therapy [19] ; [20] . Thus viral nucleic acids continue to be detectable in cellular compartments long after initiation of ART. While most samples that were undetectable at test 1 remained undetectable at test 2, 20.9% of samples had a low level of RNA detectable on test 2 (with a VL mostly <2log copies/mL). The proportion of samples that became positive was similar in all delayed testing groups which suggests that delay in testing was not the main cause of this phenomenon. The finding can partly be explained by the recognised variability in VL detection when RNA levels are close to the limit of detection of the assay. But it could also be due to inadvertent aspiration of cellular elements, including platelets. Indeed, the study design could have increased the chances of detecting cell associated viral nucleic acids in the second test. Due to a lower volume of plasma available for the repeat test, the risk of aspirating cellular material would have been greater. However, as low volume samples are a frequent occurrence in our setting, it is important to recognise this potential problem. Thus low levels of viral RNA detected in samples stored and tested in this way should be interpreted with caution. In a study which followed up patients with repeated low level viraemia, levels > 200 copies/mL were associated with an increased chance of future virological failure [21] . However, this was not the case for patients with "blips" or levels <200 copies/mL. The risk of failure in the next 18 months was the same as that of patients with consistently undetectable viral loads during clinical follow up. Thus levels below this cut off are unlikely to be clinically significant and require no clinical action. They may well reflect inadvertent detection of cell associated viral nucleic acids during testing.
Limitations
Due to the design of the study, where routine diagnostic samples were used, direct assessment of viral decay using the same set of patient samples in the different experiments was not possible. Also only laboratory conditions were tested. Further field studies are required to confirm our findings. Despite this, we believe the relatively large sample size in this study contributes substantially to the existing data around VL stability. Samples were selected on the basis of having sufficient plasma for a second test and this could be a source of bias, however, this is likely to be random and should not result in significant over or under estimation of VL decay. As we selected more samples with detectable VL, in the interest of having sufficient power to analyse VL decay, the impact of the VL delay could be overestimated. Finally, because we performed a second VL with limited plasma in the primary tube, the study design could have increased the chances of detecting cell associated viral nucleic acids in the second test.
Conclusions
Despite the limitations that could increase the variance in VL between test 1 and 2, viral RNA in samples stored in primary tubes is remarkably stable under sub-optimal storage conditions. Samples stored for up to a week reliably differentiated between ART-suppressed and failing patients in 98.83% of instances. The impact of the delay on EDTA and PPT tubes were largely equivalent, although there was slightly more variability with EDTA samples. Re-centrifugation prior to repeat testing is very important to minimise inadvertent detection of cell associated viral nucleic acids which falsely elevates the viral load in some samples. Low RNA levels (<2 log copies/mL) in sub-optimally stored samples should be interpreted with caution as this could be due to cell-associated viral nucleic acids rather than true treatment failure. Table. (PPTX) S2 Table. (PPTX)
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